The mouse mutants of the hemimelia-luxate group (lx, lu, lst, Dh, Xt, and the more recently identified Hx, Xpl and Rim4; [1-5]) have in common preaxial polydactyly and longbone abnormalities. Associated with the duplication of digits are changes in the regulation of development of the anterior limb bud resulting in ectopic expression of signalling components such as Sonic hedgehog (Shh) and fibroblast growth factor-4 (Fgf4), but little is known about the molecular causes of this misregulation. We generated, by a transgene insertion event, a new member of this group of mutants, Sasquatch (Ssq), which disrupted aspects of both anteroposterior (AP) and dorsoventral (DV) patterning. The mutant displayed preaxial polydactyly in the hindlimbs of heterozygous embryos, and in both hindlimbs and forelimbs of homozygotes. The Shh, Fgf4, Fgf8, Hoxd12 and Hoxd13 genes were all ectopically expressed in the anterior region of affected limb buds. The insertion site was found to lie close to the Shh locus. Furthermore, expression from the transgene reporter has come under the control of a regulatory element that directs a pattern mirroring the endogenous expression pattern of Shh in limbs. In abnormal limbs, both Shh and the reporter were ectopically induced in the anterior region, whereas in normal limbs the reporter and Shh were restricted to the zone of polarising activity (ZPA). These data strongly suggest that Ssq is caused by direct interference with the cis regulation of the Shh gene. 
In one of eight transgenic lines carrying a random insertion of a Hoxb1/human placental alkaline phosphatase (HPAP) reporter construct we observed a characteristic twisted and enlarged hindfoot morphology, which we named Ssq. The limb abnormalities always correlated with the presence of the transgene in over six generations of backcrosses to wildtype mice, which suggested that the phenotype resulted from an insertional mutation. In adult heterozygotes the forelimbs were normal, and only the anterior region of the hindlimbs was affected, displaying preaxial polydactyly ( Figure 1 ). Abnormalities in the condensation patterns of digits, often resulted in the fusion of adjacent bones. Surprisingly, on a supernumerary digit there was occasionally a second claw that was inverted along the DV axis (Figure 1b ,f). The ventral metatarsal pads of the affected digit were absent and were replaced by fur typical of the dorsal skin (compare Figure 1a with 1b). These changes to the foot show that the Ssq mutation disrupts both AP and DV patterning in the ectopic digits. Homozygous mice had more extensive abnormalities -the hindlimb polydactyly was consistently more severe (see Supplementary material published with this paper on the internet), and the zeugopod now displayed hemimelia (reduction in length of the tibia), sometimes resulting in a lack of fusion between the tibia and fibula. Preaxial polydactyly and slight reductions in the length of the zeugopod were now also seen in the forelimbs. The observation that Ssq is semi-dominant, affects hindlimbs more strongly than forelimbs, and the autopod more strongly than the zeugopod, is consistent with the features common to the hemimelia-luxate group of mutants [1] [2] [3] [4] [5] . The most important difference between Ssq and the other mutants is that, in the case of Ssq, no abnormalities were seen outside of the limb.
We examined molecular alterations in limb-bud patterning using a number of probes for genes that have been implicated in the control of AP specification. Shh, in addition to its normal domain of expression in the ZPA [6] , was ectopically induced on the anterior side of the hindlimb. This was first observed at 11.5 dpc and found to be maintained at 12.5 dpc, when normal ZPA expression is downregulated ( Figure 2b -d,g-i). In the forelimb, ectopic Shh, which was only observed in homozygotes (Figure 2e ,j), correlated with the presence of polydactyly. Fgf4, which is normally concentrated in the posterior part of the apical ectodermal ridge (AER) [7] , and Fgf8, which is more uniformly distributed in the AER [8] , (Figure 2f -j and data not shown) both became concentrated in the anterior-most part of the AER just overlying the ectopic domain of Shh expression (Figure 2h ,i). Hoxd12 and Hoxd13 genes were also ectopically induced in the anterior region of the limb buds in mutant embryos (Figure 2k-o) . In all cases, these molecular changes in the forelimb bud were only observed in homozygous embryos. The changes to Shh, Fgf and Hoxd genes in the Ssq mutants mirror those described for other members of the hemimelia-luxate group [5, 9, 10] .
Metaphase nuclei from spleen cells were probed with the transgenic construct, and two independent insertion sites were detected on the proximal half of chromosome 5 ( Figure 3b ). Msx1 and lx lie between the two integration sites, and are in their normal chromosomal orientation (centromere-Msx1-lx; Figure 3c -f), indicating that insertion of the transgene had not caused a large inversion. Further analysis indicated that the proximal integration site colocalised with Shh. To establish which integration site colocalised with the mutation, Ssq was backcrossed to Mus musculus castaneus. Markers for chromosome 5 showed expected recombination frequencies, strengthening the idea that no chromosomal rearrangement had occurred. Due to incomplete penetrance of the mutation, we scored just for the homozygous phenotype. Only mice homozygous for the proximal site displayed the homozygous phenotype (see Supplementary material). The physical location of the proximal site relative to Shh was established on interphase spreads (n = 40) which gave a mean distance of about 0.9 µm between the signals (Figure 3g ), corresponding to a distance of ~800 kb [11] .
As the mutant line contains an HPAP reporter, we assayed its activity in Ssq embryos. In the other seven lines generated with the same construct, reporter staining was never observed in the limbs. Nevertheless, in Ssq embryos, in 
Shh Current Biology addition to the typical rhombomere-4 pattern mediated by Hoxb1 elements within the transgene [12] , we noted a new expression domain in the ZPA region of both forelimb and hindlimb buds beginning at 10.5 dpc (Figure 4 ). The limb pattern is unique to this integration site and closely parallels that of endogenous Shh in the ZPA.
In heterozygous Ssq embryos, in addition to the ZPA, we also detected reporter staining in the anterior region of the hindlimb buds (Figure 4c ) giving a pattern similar to both the normal and ectopic domains of Shh expression in the hindlimb bud. Neither Shh nor the HPAP reporter were expressed in the anterior margin of the forelimbs of these heterozygous embryos (Figure 4c,g ). When homozygous embryos were analysed, anterior staining was seen in the forelimbs as well (Figure 4d) , consistent with the appearance of forelimb polydactyly only in homozygotes. Hence, the transgenic reporter expression mirrors normal and ectopic Shh expression in the limb buds of both heterozygous and homozygous Ssq embryos. HPAP reporter staining persisted for a slightly longer period (Figure 4h ), which most likely reflects a greater sensitivity and perdurance of the enzymatic activity compared with Shh mRNA. Despite these similarities in the limb, transgene expression has not been detected in the floor plate, lung, gut or whisker barrels, which are other normal sites of Shh expression. Expression of Shh itself in these sites was unchanged in Ssq mutants ( Figure 4 and data not shown). Therefore, the interaction between Shh and the transgene is specifically restricted to the limb.
These observations strongly suggest that, unlike previous hemimelia-luxate mutants, the Ssq phenotype is caused by a direct interference with the cis regulation of Shh. This may be effected by interference with specific limb regulatory elements, or by interruption of a general chromatin
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Figure 3
Assignment of the transgene insertion site to chromosome 5 by in situ hybridisation. (a) Structure of the Hoxb1/HPAP transgenic reporter construct which generated the Ssq mutation. Grey boxes, Hoxb1 exons (the dark grey box represents the homeodomain-encoding region); pink box, HPAP reporter; green oval, the 5′ rhombomere 4 (r4) enhancer [12] . B, BamHI; E, EcoRI; H3, HindIII; P, PstI; RV, EcoRV. Shh configuration important for limb-specific regulation. Nevertheless, as the reporter gene remains active in the limb, the changes at the insertion site have not resulted in global inactivity. Eight different hemimelia-luxate mutations all cause ectopic expression of Shh in the anterior limb bud, suggesting that Shh is predisposed towards activity at this site [10] . Therefore, many of the genes responsible for the hemimelia-luxate mutations may have a repressive effect on Shh, and recent evidence supports this view. Genes for two transcription factors, Gli3 and Alx4, disrupted in the Xt and lst mutations respectively, are not expressed in the ZPA but are normally expressed in the anterior limb region where they are thought to repress Shh [13] [14] [15] . In contrast to these patterns, which are reciprocal to Shh, the expression of the HPAP reporter mirrors that of Shh itself, implying that the gene disrupted in Ssq is not a nearby trans-acting repressor of Shh. The idea that Shh is regulated by modular elements, distinct from each other, and able to work over long distances, is in agreement with recent findings that brain-specific regulatory sequences for the human SHH gene lie at least 230 kb away from the gene. Chromosomal rearrangements at this distance cause holoprosencephaly with no limb defects [16] . Our results are also consistent with the recent proposal that the Doublefoot mutation affects regulation of the Shh homologue, Ihh, over a distance of 1.3 cM [17] . We therefore believe that the tight correlation of expression and phenotypic effects seen between the HPAP transgene and Shh is due to direct alteration of cis interactions.
Supplementary material
A figure showing limb abnormalities of Ssq/Ssq mice and additional methodological detail are published with this paper on the internet. 
Supplementary methods
Genetic analysis of transgenic mice
The transgenic construct and reporter staining were performed as described [S1]. The Ssq mutation was maintained by mating the CBAXC57BL/10-Ssq/+ mouse stock with C57BL/6; this stock is designated Ssq/+. F2 progeny were generated from the cross (Ssq/+ × M. m. castaneus)F1 × Ssq/Ssq. Standard oligonucleotide PCR primers for relevant SSLP loci were used on spleen DNA (Research Genetics); 48 mice were examined, and the predicted order of the primers on chromosome 5 and observed recombination frequencies was (centromereD5Mit1-3/48-D5Mit125(near Shh)-6/48-D5Mit44(Il6)-4/48-D5Mit171(near lx)-1/48-D5Mit132-0/48-D5Mit233). Thirty four mice were non recombinant. Out of seven mice showing the homozygous phenotype, six were homozygous for all of the markers used; the remaining mouse was, however, homozygous for D5Mit1, D5Mit125 and D5Mit44 and heterozygous for the distal markers. This recombination occurred distal to Il6 and above Ix and therefore separates the two spots, showing that homozygosity for only the top spot correlates with phenotypic homozygosity.
In situ hybridisation
Analysis of embryos was performed as described [S2,S3] using digoxigenin-labeled RNA probes for Shh, Fgf8, Fgf4, Hoxd12 and Hoxd13. Fluorescent in situ hybridisation on metaphase and interphase spreads of primary spleen cells was carried out as previously described [S4] using the transgenic construct shown in Figure 3a , an Msx1 cosmid clone, a Shh λ clone (kindly provided by Benoit St-Jacques) or a YAC clone near the lx locus as probes.
